In the past decade, the long-neglected ceramides (N-acylsphingosines) have become one of the most attractive lipid molecules in molecular cell biology, because of their involvement in essential structures (stratum corneum) and processes (cell signalling). Most natural ceramides have a long (16-24 C atoms) N-acyl chain, but short N-acyl chain ceramides (two to six C atoms) also exist in Nature, apart from being extensively used in experimentation, because they can be dispersed easily in water. Long-chain ceramides are among the most hydrophobic molecules in Nature, they are totally insoluble in water and they hardly mix with phospholipids in membranes, giving rise to ceramide-enriched domains. In situ enzymic generation, or external addition, of long-chain ceramides in membranes has at least three important effects: (i) the lipid monolayer tendency to adopt a negative curvature, e.g. through a transition to an inverted hexagonal structure, is increased, (ii) bilayer permeability to aqueous solutes is notoriously enhanced, and (iii) transbilayer (flip-flop) lipid motion is promoted. Short-chain ceramides mix much better with phospholipids, promote a positive curvature in lipid monolayers, and their capacities to increase bilayer permeability or transbilayer motion are very low or non-existent.
Introduction
Ceramides (N-acylsphingosines) consist of a fatty acid bound to the amino group of C-2 of sphingosine or another related long-chain base. Free ceramides are only found in large amounts in the skin stratum corneum, where their hydrophobic properties may be put to use in preventing body water evaporation by uncontrolled perspiration [1] . In addition, ceramides exist in minute proportions in many cell membranes, where they are now considered to play an important role in cell signalling [2] . The outcome of ceramide signalling is cell-type-dependent. However, the most commonly reported result of ceramide signalling is induction of apoptosis. Furthermore, it has become clear that tumour cells have developed strategies to reduce ceramide elevations and attenuate the pro-apoptotic effects of ceramide.
Ceramide was originally conceived of as a classic second messenger, directly and stoichiometrically activating a set of target proteins [3, 4] . Over the past decade, a number of direct targets for ceramide have been described as mediators of ceramide signalling. Ceramide reportedly interacts directly with, among other proteins, kinase suppressor of Ras (or ceramide-activated protein kinase) [5] , ceramide-activated protein phosphatase [6] , certain isoforms of protein kinase C [7] or c-Raf-1 [8] . One problem with these target proteins is that they are usually soluble and intracellular, while ceramide, as discussed below, is probably generated in the outer leaflet of the plasma membrane, thus it is not clear at present how these ceramide molecules may reach their cytoplasmic targets.
In addition to its action through direct binding to target proteins, it is becoming increasingly clear that ceramide exerts part of its physiological effects through changes in the physical properties of the membrane. This idea was proposed in the review by Kolesnick et al. [9] . More recently, experimental evidence has been published suggesting that ceramide generated in membrane rafts induces their coalescence into larger clusters or platforms, and that these macrodomains serve as a site for oligomerization of cell-surface receptors, such as Fas and CD40 [10, 11] , and the internalization of bacteria, such as Pseudomonas aeruginosa and Neisseria gonorrhoeae [12] . In this paradigm, acid sphingomyelinase is initially translocated on to the outer leaflet of the plasma membrane, where it catalyses the hydrolysis of raft-associated sphingomyelin.
Ceramides have been found in Nature with fatty acids containing from two to 28 C atoms, being saturated, unsaturated or hydroxylated. However, the most commonly found, by far, are fatty acids of 16-24 C atoms. These 'long-chain' (i.e. long N-acyl-chain) ceramides are among the least polar, most hydrophobic lipids in membranes. Their solubility in water is negligible. Thus free long-chain ceramides cannot exist in solution in biological fluids or in the cytosol, they belong to the category of 'insoluble, non-swelling amphiphiles' [13] , implying that they cannot even give rise to micelles or other aggregates in aqueous suspensions as do, for example, common phospholipids, sphingolipids or surfactants. Short-chain ceramides (e.g. N-acetylceramide, or Cer2) appear to 'swell' in water, giving rise to homogeneous dispersions that are treated, in practice, as solutions. Since most naturally occurring ceramides cannot be dis-persed in water, because of their hydrophobicity, short-chain ceramides, and particularly Cer2, have been used extensively in cell physiology studies when ceramide effects had to be elicited, both in intact cell and in cell-free systems. The advantages and disadvantages of the use of short-chain ceramides in cell studies have been discussed in the review by Kolesnick et al. [9] . In summary, these authors consider the short-chain analogues as useful experimental tools, although they introduce the caveat that some physical effects of the short-and long-chain molecules may be significantly different.
The fact is, however, that the physical properties of the short-chain ceramides have received little attention up to now, apart from the studies by Simon and co-workers [14, 15] , and that comparative studies of short-and longchain ceramides are virtually non-existent. In this chapter, some data will be shown on the behaviour of long-and short-chain ceramides in water and in lipid bilayer environments, and some fundamental differences in their interaction with water and phospholipid molecules (i.e. their 'molecular sociology') will be discussed.
Ceramides in aqueous media
The properties of ceramides in aqueous media were tested in a Langmuir balance. Ceramides (in DMSO solution) were either deposited on top of the interface or injected into the subphase, and the change in surface pressure () was recorded. DMSO alone did not cause any significant change in . Representative curves of ceramide effects are shown in Figure 1 . For Cer16 ( Figure 1A ), addition on top of the buffer surface causes an immediate increase in that remains constant afterwards. However, injection of Cer16 into the subphase does not cause any change in . A different situation is found for Cer2 ( Figure 1B ). Whatever the mode of dispensation, this ceramide partitions between the subphase and the interface, and the same equilibrium value of (approx. 6 mN•m Ϫ1 for a 1 M bulk concentration of Cer2) is measured. When different concentrations of Cer2 or Cer6 are injected into the subphase, a dosedependent increase in is observed (results not shown).
The results demonstrate that ceramides containing an N-fatty acyl residue of at least C 16 ('long-chain ceramides') should be classified as insoluble non-swelling amphiphiles. This group of substances, of which triacylglycerols are the most common example, can orient themselves at the air/water interface, but do not partition into it, i.e. water surface pressure is unchanged when they are introduced in the bulk of the solvent. They do not undergo any kind of water interactions leading to their dispersibility in water either. As members of this group of non-swelling amphiphiles, long-chain ceramides are among the most hydrophobic molecules in Nature. This explains, for example, why Cer16 is virtually unable to exchange between membranes, at least without the aid of an exchange protein [15] . In contrast, our results with two 'short-chain ceramides' Cer2 and Cer6, in agreement with some previous observations, reveal a very different behaviour, because they can be easily dispersed in water, giving rise to optically clear or slightly opalescent dispersions. Thus short-chain ceramides should be classified as 'soluble amphiphiles', together with other biomolecules, such as lysophospholipids or fatty acylcarnitines, and with the common detergents.
Ceramide solubilization of phospholipids in monolayers
Soluble amphiphiles, such as Cer2 or Cer6, should be considered as detergents, according to Helenius and Simons [16] . Detergents are able to insert into, and interact with, phospholipid monolayers/bilayers, giving rise to detergent-phospholipid mixed micelles. In order to test the ability of short-and long-chain ceramides to solubilize phospholipids, a fluorescent derivative of PE (phosphatidylethanolamine) namely rhodamine-PE (Rh-PE), was spread as a monolayer at the air/water interface. Then ceramides (in DMSO solution) were injected into the subphase at 10 M bulk concentration. After equilibrium, aliquots of the subphase were withdrawn, and Rh fluorescence was assayed. As shown in Table 1 , short-chain ceramides, and Cer2 in particular, brought about the solubilization of Rh-PE, while Cer16 was inactive in this respect. Note that Rh-PE by itself does not, to any significant extent, form micelles in water. Previous studies by Simon and Gear [14] described properties of shortchain ceramides that were not shared by their long-chain homologues, in particular the ability of the former to perturb cell membranes. These observations, together with the behaviour of ceramides in aqueous systems as seen in Figure 1 , prompted us to examine these molecules as putative detergents. The results in Table 1 confirm the view that short-chain ceramides do act as soluble amphiphiles, i.e. detergents, towards phospholipid monolayers, thus their effect on cell membranes is likely to be very different from that of Cer16 or longer-chain members of the family.
Ceramides and the gel-fluid phase-transition of phospholipids
Synthetic membranes consisting of aqueous dispersions of DEPE (dielaidoyl PE), in common with many other synthetic phospholipids, exhibit a thermotropic transition from a gel phase to a fluid (or liquid-crystalline) phase. In the case of DEPE, this transition takes place at a T m (melting temperature) of approx. 37.5ЊC. The gel-fluid transition is conveniently monitored by DSC (differential scanning calorimetry), and is very sensitive to the presence of other lipids in the bilayer. In fact, modifications of the thermodynamic parameters of the transition in the presence of foreign lipids may provide information on the interaction between host and foreign lipids.
Thermograms corresponding to the gel-fluid transition of pure DEPE and DEPE/ceramide mixtures are shown in Figure 2 . The corresponding thermodynamic parameters are given in Table 2 . Cer16 has the effect of spreading the phase transition over a wide range of temperatures, approx. 12ЊC at 20 molar percent, while increasing the ⌬T 1/2 (endotherm width at mid-height) by approx. 4ЊC. The latter value is difficult to establish with accuracy, because the endotherms are clearly asymmetric, and reveal the existence of several components. The thermograms are thus indicating an immiscibility of Cer16 with DEPE, and the coexistence of mixtures of somewhat different compositions. These thermograms are similar to those described, for mixtures of synthetic phospholipids and natural ceramides, by Veiga et al. [17] and by Carrer and Maggio [18] . These authors noted that some degree of immiscibility was already apparent at ceramide concentrations in the bilayer below 5 molar percent [17, 18] . The new endotherm components appearing at the high-temperature side of the calorimetric peak as more ceramide was added were interpreted as resulting from ceramide-enriched domains (note that pure hydrated ceramide has an order-disorder transition well above the T m of DEPE). Again Cer6 and Cer2 behaved differently from Cer16. The most obvious difference in Figure 2 is that both Cer6 and Cer2 shifted the DEPE transition temperature downwards, i.e. they made the DEPE bilayer more fluid, in contrast with the effect of Cer16. This is particularly surprising, because both Cer6 and Cer2 have T m s above the T m of DEPE (although lower than the T m of Cer16). The effect is more notable with Cer6, which gives rise to a low-temperature separate endotherm, than with Cer2, which induces only an asymmetry, at the low-temperature side of the DEPE endotherm. Thus, in contrast with Cer16, both Cer2 and Cer6 mix and interact with DEPE, giving rise to domains whose co-operative transition temperature occurs below that of the pure phospholipid. Of the two effects that are not seen with Cer16, formation of low-temperature melting domains and mixing with DEPE, low-temperature domain formation appears to predominate with Cer6, while mixing is better with Cer2. Thus the capacity of ceramide to mix with DEPE increases in the order Cer16ϽCer6ϽCer2. Carrer et al. [19] have studied mixtures of Cer8 with DMPC [dimyristoyl PC (phosphatidylcholine)] or DPPC (dipalmitoyl PC), and have found a behaviour that is qualitatively more similar to that of Cer16 than to that of Cer6. Thus the limit between 'short' and 'long' N-acyl chains, for the purpose of ceramide behaviour, appears to be between six and eight C atoms. The DSC studies on the effect of ceramides on the gel-fluid transition may be summarized as follows: (i) long-chain ceramides do not mix well with phospholipids, and tend to make the bilayer less fluid, (ii) short-chain ceramides mix better with phospholipids, and have the effect of increasing bilayer fluidity, and (iii) the limit between short-and long-chain ceramides is at six to eight C atoms of the N-acyl chain.
Ceramide-induced solute efflux through lipid membranes
One striking property of ceramides that may be linked to their physiological effect is their capacity to restructure the permeability barrier of model and cell membranes, thus giving rise to vesicle or cell efflux. Ceramide-induced release of aqueous contents from liposomes and resealed erythrocyte ghosts was first observed by Ruiz-Argüello et al. [20] , who induced in situ generation of ceramide by treating the sphingomyelin-containing model or cell membranes with bacterial sphingomyelinase. Ceramide-induced membrane efflux may be important physiologically, e.g. in generating local ion fluxes, or even in the release of large molecules, such as cytochrome c, whose efflux from mitochondria is crucial for the activation of apoptosis.
In more recent years, a number of studies have dealt with the issue of membrane permeabilization by ceramides. Simon and Gear [14] found that Cer2 caused release of [ 3 H]adenine from platelets at a ceramide/lipid ratio of 0.2. Ghafourifar et al. [21] showed that Cer2 and Cer6 induced cytochrome c release from isolated mitochondria. Di Paola et al. [22] found that Cer2, but not Cer16, perturbed the permeability barrier of the inner mitochondrial membrane, and dissipated the electrochemical H ϩ potential. Also, Siskind and Colombini [23] used electrophysiological methods to demonstrate channel formation by short- and long-chain ceramides in planar lipid bilayers at total ceramide/lipid ratios of 0.05. Siskind and co-workers have proposed that ceramides form large channels, through which efflux takes place [23] [24] [25] .
With the aim of clarifying certain aspects of ceramide-induced efflux, Montes et al. [26] prepared LUVs (large unilamellar vesicles) consisting of egg sphingomyelin/egg phosphatidylethanolamine/cholesterol (2:1:1, by vol.), and loaded them with water-soluble fluorescent molecules. Ceramides were either generated in situ by sphingomyelinase, or added to the pre-formed vesicles. These authors showed that the presence of long-chain (egg) ceramides could indeed allow the efflux of large molecules (approx. 20 kDa) through membranes, and that the same proportion of long-chain ceramides generated by sphingomyelinase induced faster and more extensive efflux than when added in organic solution to the pre-formed vesicles.
A comparison of the efflux of small molecules [ANTS (8-aminonaphthalene-1,3,6-trisulphonic acid)/DPX (p-xylenebispyridinium bromide)] induced by long-and short-chain ceramides from large unilamellar vesicles can be seen in Figure 3 . Egg ceramide, containing essentially Cer16, induced release of entrapped molecules, while Cer6 was less active in this respect, and Cer2 was virtually inactive. Ceramides were added in ethanol, the solvent effect is shown in the control curve (Figure 3) . The final molar fraction of ceramide with respect to total lipid was 0.1. It should be noted that because of the high lipid/water partition coefficient of Cer2 [14] , at least 85% of the total amount added is expected to be incorporated into the bilayer. These results appear to contradict the observations by other authors [14, 22] that Cer2 was particularly effective in causing membrane efflux, but, as will be discussed below, the conditions used by those authors probably led to partial membrane solubilization, whereas the measurements shown in Figure 3 occur in the absence of membrane lysis. 
Ceramide-induced transbilayer (flip-flop) lipid motion in membranes
Although ceramide was known to induce structural rearrangements in membrane bilayers [9] , including the formation of ceramide-rich and -poor domains and the efflux of aqueous solutes, only recently, Contreras et al. [27] described a novel effect of ceramide, namely the induction of transbilayer lipid movements (flip-flop motion). This effect was demonstrated in both model (LUVs) and cell (erythrocyte ghost) membranes in which ceramide generation took place in situ through the action of an externally added sphingomyelinase. Two different novel assays were developed to detect transbilayer lipid movement. One of the assays required the preparation of vesicles containing a ganglioside only in the outer monolayer. The same vesicles contained entrapped neuraminidase. Sphingomyelinase activity induced ganglioside hydrolysis under conditions in which no neuraminidase was released from the vesicles. The second assay involved the preparation of liposomes or erythocyte ghosts labelled with a fluorescent energy donor in their inner leaflets. Sphingomyelin hydrolysis was accompanied by fluorescence energy transfer to an impermeable acceptor in the outer aqueous medium. This was interpreted as ceramide generated in one monolayer undergoing flip-flop motion and inducing thereby the motion of other lipid molecules between leaflets. The need to conserve a certain proportion of lipid mass between both monolayers may explain this ceramide-induced motion of various lipids.
Müller et al. [28] have described yet another procedure to assay transbilayer motions of lipids, this one based on the excimer-forming capacity of the fluorescent probe pyrene, incorporated into phospholipid analogues (e.g. pyrene-PC). We have used this technique to assay flip-flop motion induced by ceramides. In this case, ceramides were added to the pre-formed LUV suspension, rather than being generated in situ through enzyme action. The results are shown in Figure 4 . The vesicles were prepared containing pyrenyl PC in the outer monolayer only, at a concentration such that formation of pyrene excimers was favoured. If pyrenyl PC molecules flip to the inner monolayer, the excimer/monomer ratio of pyrene molecules decreases, and the fluorescence spectrum changes accordingly. The q parameter on the ordinate axis corresponds to the fraction of pyrenyl PC molecules in the inner monolayer, computed from changes in the excimer and monomer fluorescence peaks. For a completely symmetrical membrane, qϭ0.5. The data in Figure 4 indicate that all three ceramides tested induce transbilayer lipid motion, but egg ceramide, containing mainly Cer16, is more effective in this respect.
The possible physiological significance of the above observations should not be ignored. As mentioned in the Introduction, a large number of direct targets for ceramide are intracellular. In turn, most of the sphingomyelin in the plasma membrane exists in the outer leaflet, perhaps in the form of rafts [29] , and acid sphingomyelinase appears to be translocated on to the outer leaflet to perform the hydrolytic cleavage of sphingomyelin [11, 12] . The data in this section support the idea that ceramide, generated in the outer leaflet, will distribute spontaneously between both monolayers, thus becoming accessible Biophysics (and sociology) of ceramides 185
to cytosolic target proteins that may transiently dock to the plasma membrane inner monolayer.
Discussion
The available experimental evidence on the physical changes induced by ceramides in membranes can be understood on the basis of three main principles, namely (i) the tendency of long-chain (but not of short-chain) ceramides to form separate domains in bilayers, (ii) the capacity of short-chain (but not of long-chain) ceramides to act as detergents and solubilize lipid bilayers, and (iii) the propensity of long-chain (but not of short-chain) ceramides to favour formation of inverted non-lamellar phases.
Ceramide-rich domain formation involving Cer16 is demonstrated by the calorimetric data [17, 18] (Figure 2 ) and also by fluorescence [30] and 2 H-NMR data [31] . Some of these observations indicate as well that short-chain ceramides, and Cer2 in particular, mix well with phospholipids, so that no in-plane domain separation is observed. This property of ceramides explains also their effect on membrane permeability. In our view, solute efflux occurs through the structural defects occurring at the interfaces between gel (ceramide-rich) and fluid (ceramide-poor) domains. Such structural defects do not arise with Cer2, hence the chain-length-dependent differences observed in Figure 3 .
A somewhat opposing property of ceramides is that short-chain, but not long-chain, ones will act as detergents and solubilize membranes (Table 1 ). This is due to the fact that Cer2 and Cer6, but not Cer16, are soluble amphiphiles [13, 16] (Figure 1 ). Solubilization by Cer2 is observed at ceramide/phospholipid ratios higher than 0.2 (J. Sot, unpublished work); in addition, bilayers contain- ing sphingomyelin and cholesterol are particularly resistant to detergent solubilization [29, [32] [33] [34] . For these reasons, efflux observed in Figure 3 and in [26] , with ceramide/phospholipid ratios of 0.1, is not related to solubilization. However, di Paola et al. [22] did find that Cer2, but not Cer16, impaired the mitochondrial proton gradient. The inner mitochondrial membrane is virtually devoid of sphingomyelin and cholesterol, and is thus easily solubilized. In addition, the Cer2 concentrations used by these authors were significantly higher than those used in Figure 3 . Thus it is very probable that Cer2 in the work by di Paola et al. [22] was acting as a detergent. Cer16, in the same experimental work, was giving rise to lateral phase separation in the outer membrane, and to cytochrome c release.
The propensity of Cer16 to favour inverted non-lamellar phases has been shown repeatedly [17, 20] using different techniques. Ceramide-induced formation in the bilayers of (perhaps transient) non-lamellar structures, whose architecture may remind the inverted hexagonal or inverted cubic lipid phases, is probably the origin of the flip-flop movements induced by this lipid. It has been found that lipids that promote inverted-phase formation, e.g. PE or cholesterol, increase the rate of ceramide-promoted transbilayer lipid motion, and the opposite is found with lyso-PC, that inhibits the formation of inverted lipid phases (F.-X. Contreras, unpublished work). Cer2 does not exhibit such a tendency to promote lamellar to non-lamellar transitions in lipids (J. Sot, unpublished work), and, correspondingly, it is a poor inducer of flip-flop movements (Figure 4) .
The data discussed in the present paper concur in presenting ceramides as lipids with a high capacity to modify the physical properties of cell membranes. This is in agreement with the views put forward by van Blitterswijk et al. [35] . It is thus possible that, apart from those effects mediated by specific ceramide binding to target proteins, ceramides may act through changes in the bilayer properties. One good example is the finding that ceramide, because of its capacity to segregate laterally, giving rise to ceramide-enriched domains, is able to convert rafts into macroscopic clusters or platforms, that play important roles in cell signalling and bacterial infection [11, 12] . With respect to the different physical properties of short-and long-chain ceramides that have been extensively discussed above, the possibility exists that they are at the origin of the different effects that, in some cases, have been found with long-and shortchain ceramides in cell studies [36] [37] [38] [39] .
